Abstract. The drivetrain of a 10 MW wind turbine has been designed as a direct drive transmission with a superconducting generator mounted in front of the hub and connected to the main frame through a King-pin stiff assembly by DNV-GL. The aeroelastic design loads of such an arrangement are evaluated based on the thrust and bending moments at the main bearing, both for ultimate design and in fatigue. It is found that the initial superconductor generator weight of 363 tons must be reduced by 25% in order not to result in higher extreme loads on main and yaw bearing than the reference10 MW geared reference drive train. A weight reduction of 50% is needed in order to maintain main bearing fatigue damage equivalent to the reference drive train. Thus a target mass of front mounted superconducting direct drive generators is found to be between 183-272 tons.
Introduction
Some manufacturers of large wind turbines prefer direct drive transmission configuration, implying no gearbox and unit transmission ratio. This may enable improved reliability of the transmission system due to lesser number of moving parts, but it also results in a large size generator, usually permanent magnet or other synchronous types. In order to develop a compact nacelle structure, some of the commercial designs such as for the Siemens 6 MW turbine [1] have the generator mounted direct to the hub with the entire nacelle in front of the tower. Thus the main bearing(s) supports a large amount of the bending moments resulting from asymmetric rotor loads. Another approach as followed in the INNWIND.EU project [2] develops the design of a 10 MW drivetrain and nacelle as a front mounted generator wherein the generator is again directly mounted to the hub, but in front of the rotor as given in Fig. 1 . The main questions posed here are 1) Do these hub mounted generator concepts in front of the rotor provide any advantage in terms of the extreme loads and fatigue loads at the main bearing and yaw bearing and if so, 2) Quantify the sensitivity of the design loads on the mass of the generator. Finally a reliability of the main bearing at the 10 MW turbine is investigated based on the drivetrain configuration with different overhang masses. Figure 1 is illustrating the King-Pin nacelle tailored for a 10 MW superconducting direct drive generator (SCDD) [3] . This configuration has been studied with different superconducting generator configurations in order to optimize the Cost of Energy (CoE) of the 10 MW INNWIND.EU turbine [4] . The inte turbine configur turbine l of the N machine might al generato length.
Design Configuration

Estim
To From equation (1) it is possible to estimate the moment of inertia from an electromagnetic generator model and to combine that with an initial design of the generator support structure as shown in figure  1 . Since they share the same rotation axis then the resulting moment of inertia for the generator I rotor,gen is the sum of moment of the active material I rotor,active and the structural parts I rotor,structural . Table A2 is showing a series of generator specification in terms of component masses and moment of inertia I as found from eq. (2). The configuration denoted superconducting direct drive (SCDD) MgB 2 10 MW is the initial design of the front mounted generator, whereas the following design proposals are scaled with a shorter length to finally reach a generator mass that is similar the NbTi generator mass (last column). The properties of the 10 MW NbTi generator has been estimated from [9] .
The key design load cases (DLC) that were determined to be design drivers for the 10 MW reference wind turbine tower top for ultimate design, that is DLC 1.3, normal operation under extreme turbulence and DLC 2.3, that is operating gust with grid loss were re-simulated with the new nacelle configuration. Further the fatigue on the main bearing will be quantified using DLC1.2 results; that is operation under normal wind turbulence [11] . Further along with the configuration in Fig. 1 , three variations from table 2 are also simulated in HAWC2 with a decreasing weight corresponding to 75%, 50% and 40% of the initial direct drive king pin (DDK) generator length. The extreme loads on the yaw bearings are signficantly higher with the front mounted generator concepts in comparison with the conventional nacelle arrangement as seen from Fig. 4 . However for the 10 MW reference turbine design [4] , the yaw bearing extreme loads were driven by DLC 1.3 (normal operation under extreme turbulence) and even the peak moment of 70 MNm expereinced by the heaviest of the king-pin cases in DLC 2.3 is within the design envelope of the reference yaw bearing. However it is possible that DLC 1.3 with the new configurations further amplify the extreme load magnitude and to mitigate this risk, an appropriate controller algorithm needs to be implemented to minimize tower top loads.
Figure 4:
Extreme loads on the yaw bearing along with the peak tower top displacement
Fatigue Load Variation
The loads on the main bearing can be determined from the time series of the aero elastic simulation using simple beam theory as proposed in [12] . The axial load F a on the main bearing is given by the rotor thrust, whereas the radial load F r is given by (3) where y g is the distance between the bearings, M 1 and M 2 are the resulting shaft bending moment due to the turbine rotor bending moments.
Eq. (3) is used to determine the rating life L nm as specified by the bearing manufacture SKF [13] (4) where the constants a 1 is the life adjustment factor for reliability and a SKF is the SKF life modification factor, C is the basic dynamic load rating, p is the exponent of the life equation and P is the equivalent dynamic bearing load. The latter is given related to axial and radial loads of equation (3) by determining the load spectrum.
Since the life of the bearing is directly linked to the dynamic bending moments, the corresponding damage equivalent bending moments at the main bearing and yaw bearing are compared between the different nacelle configurations in Fig. 5 using aeroelastic simulations results of the turbine in normal operation under normal turbulence (DLC1.2). It can be readily seen that there is no significant difference in the yaw bearing fatigue loads, but the main bearing fatigue is significantly higher for the case with the front mounted king-pin concept with the 100% mass. Therefore it can be concluded that at least a 50% reduction in the front mounted generator mass, that is the 50% DDK model is required.
Figure 5:
Variation of the damage equivalent moments over a 20 year lifetime for the direct drive king-pin 100% mass, 40% mass and conventional geared concept.
The main assumption behind the above conceptual analysis is that the failure mechanism of the large diameter bearings is Rolling Contact Fatigue (RCF) and that the greasing of the bearings is considered as ideal. This can easily be violated in practical applications and cause premature failures. The analysis of such cases will need a detailed description of the greasing systems, which is presently not available as the design is conceptual. Finally the increased rotary inertia of the front mounted generator concepts can be beneficial also, as its effect is to reduce the fundamental support structure natural frequency. As described in [14] , the reference 10 MW turbine is typically mounted on a jacket type structure for offshore applications, which due to its intrinsic stiff properties results in a net support structure frequency that is within the 3P excitation band. This implies that the rotor speed can excite the support structure at certain wind speeds leading to higher fatigue damage of the support structure.
Conclusions
An analysis of different direct drive nacelle configurations for a 10 MW wind turbine was presented, along with the corresponding extreme and fatigue loads on the main bearing. It was observed that an overhanging superconducting direct drive generator with a mass of 75% of the initial weight of 363 tons would result in main bearing extreme loads comparable to the a 10 MW gearbox reference drive train. Secondly the extreme loads on the yaw bearing were within the load envelope of the reference drive train, but the fatigue load on the main bearing is indicating that a mass reduction of 50 % is preferable. These findings will provide a valuable guidance on the target weight for further development of large front mounted superconducting generators.
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